ABSTRACT A method for the retrospective estimation of the individual respiratory intake was tested. The method is based on system dynamics. Subjects were exposed simultaneously to the poorly metabolising solvent tetrachloroethene (PER, perchloroethylene) Biological monitoring programs should permit the detection of differences in individual uptake rather than in external exposure.' To make a retrospective estimate of the external exposure at a fixed sampling point, relations have been established between external exposure and biological measures such as the concentration of solvents or metabolites in exhaled breath or biological fluids.2 Different individual minute volumes of ventilation and kinetics (distribution and elimination) may cause a large interindividual variability in biological measures at the same level of exposure. Up to now the estimation of the level of external exposure from biological media requires strict sampling protocols; nevertheless on an individual basis these estimates are mostly poor. In a previous paper it was pointed out that the kinetics and the rate of functional intake (RFI) are independent variables which determine the timecourse of the blood solvent/metabolite concentration and the rate of uptake. Therefore, one should estimate the RFI rather than the rate of uptake.5
concentration (Calv) of both PER and TRI were measured. A retrospective estimation of the individual intake of PER could be carried out up to 400 hours after exposure with 10-20% accuracy, irrespective of the level ofexercise. The estimates of the intake of TRI are less accurate. The Cal, in the 1-15 hours postexposure permits the estimation of the intake of TRI within a mean error of 25% for most subjects. For men the method may be applied up to 48 hours after exposure within 20% error.
For women the intake estimates showed a poor accuracy with the use of Cai,v beyond the day of exposure.
Biological monitoring programs should permit the detection of differences in individual uptake rather than in external exposure.' To make a retrospective estimate of the external exposure at a fixed sampling point, relations have been established between external exposure and biological measures such as the concentration of solvents or metabolites in exhaled breath or biological fluids. 2 Different individual minute volumes of ventilation and kinetics (distribution and elimination) may cause a large interindividual variability in biological measures at the same level of exposure. Up to now the estimation of the level of external exposure from biological media requires strict sampling protocols; nevertheless on an individual basis these estimates are mostly poor. In a previous paper it was pointed out that the kinetics and the rate of functional intake (RFI) are independent variables which determine the timecourse of the blood solvent/metabolite concentration and the rate of uptake. Therefore, one should estimate the RFI rather than the rate of uptake. 5 Linear system dynamics studies the relation between the rate of input and the kinetic response. In the case of pharmacokinetics or toxicokinetics the Accepted 18 April 1988 rate of input may be the rate of the respiratory, oral, dermal, metabolic or intravenous input and the response may be a kinetic response such as concentration time curve of the parent compound or its metabolites. The relation between input and response is a convolution integral in which the unit impulse response plays a central part. When two of the three (rate of input, kinetic response, or unit impulse response) are known the third may be calculated with a suitable method for convolution or deconvolution."'
The unit impulse response is an agent specific individual characteristic; it describes implicitly the complete kinetics of a parent compound or its metabolite in an individual subject. This means that all processes such as resorption, elimination, and metabolism determine the shape of the impulse response curve.
In the biological monitoring of solvent vapours both the individual rate of respiratory input and the individual kinetics are not usually known. The possibility of finding an accurate, retrospective individual RFI depends on the knowledge of the individual kinetics (unit impulse response). Furthermore, intraindividual differences in the kinetics of solvents and the metabolites also should not be neglected. 250 Estimation ofrespiratory intake The purpose ofthis study was to test a method based on linear system dynamics for the estimation of the individual rate of respiratory input during experimental exposure to a poorly and a highly metabolising organic solvent during rest and during physical exercise. Subjects were exposed two or three times simultaneously to tetrachloroethene (PER) and trichloroethene (TRI) vapour under conditions of rest and physical exercise. For both PER and TRI the concentration in alveolar air was measured which is representative for the concentration in mixed venous blood."
Theoretical background
The body may be considered as a dynamic system composed of several subsystems. An input (amount/ time) of an agent or metabolite is administered into an input subsystem-usually blood-through the respiratory, oral, dermal, intravenous, peritoneal, or metabolic route; it may be regarded as a perturbation ofthe whole system. The system reacts on this with one or more kinetic responses in one or more subsystems; the kinetic responses, for example, are the concentration/time profiles of agent or metabolites in blood, exhaled breath, organ/tissues, urine, and saliva.
In system dynamics the operator which transforms the input into a kinetic response is considered to be the most important. The relation between input and response is a convolution integral in which a weighting function-that is, unit impulse response-weights past values of the input to give the present value of the response. The use of system dynamics is based on the following assumptions:
(1) The system is lumped, rather than distributed; its behaviour may be described over a finite number of points of time.
(2) The system is linear so that the principle of superposition applies: the kinetic response to an input q#(t) + q2(t) is the sum of the responses to q,(t) and q2(t) applied separately.
(3) The system is time invariant; its dynamics do not change with time.
After a unit impulsive input-for example, a bolus injection with a unit dose D = 1-the weighting function is the same as the measured unit impulse response (fig 1) .
At a constant rate step input, the system transforms the input into a kinetic response as shown in fig 1 transforms an input into a kinetic response.
an unknown input may be estimated by means of an inverse operation (deconvolution) on a measured response and the unit impulse response (appendix). In the case of a complicated, non-constant rate of input several methods for numerical deconvolution have been described."9
In the case of a constant rate of input (q) the deconvolution is substantially simplified (appendix). It may be estimated retrospectively at any postexposure point of time t2 with the aid of (i) the unit impulse response g(t) in the observation subsystem and (ii) only one measured concentration in the observation subsystem at t2. For a constant step input at t < t, the estimated q equals:
The estimation of the constant rate ofinput has now been simplified by means of a measured C(t2) value divided by an area under the impulse response curve g(t). This area is located just before the time point t2 of sampling and has a timelength of t, which equals the duration of exposure. A unit impulse response g(t) is drawn schematically in fig 2. The rate of input is defined as the RFI rather than the uptake and it equals the product of the inhaled concentration (C,) and the functional alveolar ventilation (Va):
The functional alveolar ventilation (V,) Exposure lasted for 29 to 62 minutes. The postexposure period of observation lasted 70-500 hours for PER and 20-3 10 hours for TRI.
The conditions of exposure, the sampling protocol, and the sampling errors have been described in detail. 5 The method of exposure and of alveolar air sampling has also been described earlier."
INDIVIDUAL UNIT IMPULSE RESPONSE
For each subject one of the two or three experiments was taken as a "reference" experiment; the individual impulse response was calculated from (a) the kinetic response in the postexposure period and (b) the rate of input (pmol/min) during exposure. The other one or two experiments were called the "occupational" experiments and were carried out to test the method of retrospective estimation by estimating their "unknown" respiratory input. Estimation ofrespiratory intake KINETIC RESPONSE In the reference experiment the kinetic response to a step input in the whole postexposure period (t > t,) after a step input was expressed by a mathematical multiexponential function (eq 3.2; table 3). The parameters in this function (coefficients c(i) and exponents r(i)) were estimated by means of curve fitting the measured data of the alveolar concentration (Ca.,). The following Ca,, values were used: (1) all values during the first postexposure day and (2) all values sampled at the subsequent mornings. The Ca., level at the end ofexposure was used to limit the fitted Ca., level at the end of exposure. The morning Ca,, values rather than the evening Ca1v were used because of the previous "standardised" sleeping period. The postexposure data were fitted because the weighted residual error around a fitted line was expected to be smaller than during exposure." The data were fitted by minimising the sum ofweighted least squares (eq 3.3; table 3). The variability of the data around the fitted line was expressed by the weighted residual error (WRE) (eq 3.4; table 3). The fitting was carried out with a sequential simplex procedure. '4 The mathematical expression of the unit impulse response g(t) obtained from a step input (RFI = constant) is given by equation 3.5 (table 3) .
RATE OF INPUT
The RFI is given in eq 2. The experimental determination of V. has been described in a previous paper.5
The RFI in the occupational experiments by the same subjects was estimated several times independent of each other at different times in the whole postexposure period with the aid of one measured Ca.v value and the impulse response g(t) ((eq 1) and appendix).
253 Table 3 Equations used to evaluate measured data The curvefitting according to equation 3.2 resulted in several estimates of the coefficients c(i) and exponents r(i). exponential terms (p = 5) whereas for TRI only half the cases if our terms were sufficient. In a few experiments with a short postexposure period of 48 hours for TRI three exponential terms were sufficient. For all subjects the average weighted residual error (WRE) (eq 3.4; table 3) was 7% (55-9%) and 11% (7-15%) for PER and TRI respectively. This implies a larger intrasubject variation in the timecourse of TRI than that of PER.
In addition it was observed that for all subjects the Ca.v at awakening (symbol A) was usually higher than the Ca,, before sleeping (symbol A) (fig 4) .
IMPULSE RESPONSE
Figure Sa presents a semilog presentation of the g(t)-function of PER and TRI at rest. In general the g(t)-function of TRI at t = 0 is higher than that of PER but the decrease was faster. In a period of 100 hours the g(t)-functions of TRI and PER dropped about 800 000-fold and 20 000-fold respectively. Figure 5b shows a log-log presentation of the g(t 
RFI OF PER
The functional rate of intake of PER for three of the 255 four subjects belonging to the first set of experiments (twice exposed at rest to PER) was underestimated or overestimated within a 25% error by using a Ca,t value during the first postexposure day (fig 6, left and middle region). Using the subsequent morning concentrations up to 280 hours (right region), estimation with a mean error of less than 10% for all four subjects was possible. When using only a single morning Ca,. value the 95% confidence error region of the estimate may be approximated. When using a CV = 17% with n = 12 (subject 2f) then for all subjects the 95% confidence error intervals may be set to ± 34%. When using two morning Ca,, values the 95% confidence error interval reduces to ± 24%.
The difference between the durations of exposure did not have a striking effect on the accuracy of the estimated intake. For example, for subject 2f (K>) the durations of the reference and occupational experiments were 40 and 60 minutes.
To estimate the RFI during different levels of exercise the use of the morning Ca., data-that is, at least 15 up to 400 hours after exposure-yields a RFI estimate with a mean error within 25% for the subjects (fig 7a, b ; right region). The average of CV equals 12% with all subjects and, therefore, the 95% confidence interval of a single estimate equals about 25%. For subject 3f the observation period after the rest exposure was limited to 24 hours because a short visit to a chemical cleaning shop increased the postexposure concentrations about threefold.
One subject showed a systematic underestimation (30%) of the RFI at rest because the CV of the RFI estimates was only 7% for 15 independent estimates (fig 7a, right region) . The systematic error probably was due to an error in the "true" RFI during rest because the RFI at 65 W exercise was estimated reasonably well (fig 7b, right region) .
The differences in the duration of exposure do not seem to have a striking effect on the accuracy of the intake estimate, although differences in the duration of exposure in a 30 W and a 65 W experiment ranges up to twofold (table 2; subject 4m).
To estimate the RFI the C.,, data obtained in the first postexposure hour (5-60 minutes) appeared not to be preferred for all subjects (left region; fig 7a, b) . For both at rest and 65 W exercise the mean error of the RFI estimate ranges up to 100% (figs 7a, b) .
The next hours during the day of exposure (fig 7a,  b) ; middle region may be a suitable period. The RFI at rest appeared to be estimated well whereas the ability to estimate the RFI at 65 W exercise seems doubtful.
RFI OF TRI
The errors in the estimated RFI ofTRI for six subjects are presented in fig 7c, d. The C,,, data in the early postexposure period of home in the evening hours. This drop was probably due to physical activity during the journey home.
The application of the postexposure morning C,,1 data appears to differ for men and women (fig 7c, d; right region). For the three men the use of Ca,, at the first morning after exposure yielded a RFI estimate within an error of 8-25% no matter the duration of exposure and the choice of the occupational exposure.
For the men the Ca,v measured at the first two mornings delivered acceptable estimates with only a few exceptions. For the three women the RFI estimates appeared to be more sensitive to the level of exercise. The functional intakes at rest were underestimated up to 3-5-fold. Also the errors in the estimation of RFI during 65 W physical exercise are substantial (fig 7d) ; subject 4f is a positive exception.
Discussion INDIVIDUAL RFI ESTIMATES
To estimate the individual RFI a method on an individual basis has been tested. In this study the method applies an experimentally determined unit impulse response and a measured alveolar concentration of the parent compound in the postexposure period after an unknown intake during a variable duration under variable conditions of physical exercise.
The method may only be applied successfully when the intraindividual variability in the kinetics is limited as a function of time (hours, days, months). In our experiments the intraindividual variability in kinetics could be split up into a short and a long term variability. Short term variability became manifest from the variation of the Ca,v data around a theoretical smooth decreasing curve in the postexposure period- ) . This long term intraindividual variability became manifest from the accuracy in the retrospective estimates of the RFI with the use of an about one to six months earlier determined impulse response. In fact the errors in the RFI estimates may also be partly explained by the short term variability of the C,,, data in the occupational experiment. Both the short and long term intraindividual variability will be considered in more detail in a further paper (Opdam, in 
preparation).
For PER it may be concluded that the measured C.,, values in the postexposure period-that is, from five minutes up to about 300 hours-permits the estimation of the individual RFI (umol/min) with an error of less than 25% for all subjects when resting conditions during the reference and occupational exposure (fig 6) . exercise may be estimated with a mean error of less error of 25% for five of six subjects. The average CV than 25% when using the impulse response obtained at equals 17% for the subjects and, therefore, when using the 30 W experiment and the Ca,j values in the range of only one Ca., value the 95% confidence interval of the 15-500 hours after exposure (fig 7a, b) . When using RFI equals ± 34%. In general the CV value of TRI only one postexposure C.,, value the RFI estimate for exceeds that of PER (fig 7) and may be partly an individual subject has a 95% confidence interval of explained with the WRE around the postexposure about ± 25% whereas the use of two C,,, values the fitted curve of the occupational experiment (table 4) .
confidence error interval of the mean RFI estimate The postexposure Ca,, decrease of TRI seems to be decreases to ± 18%. more sensitive to normal daily physical activity or The level of exercise plays a minor part in the changes in rate of metabolism, or both. application of the method. Nevertheless, during one to Differences related to the sex of the subject are 15 hours after exposure a Ca., value in combination particularly evident when the postexposure period with the 30 W impulse response permits an estimate of exceeds 15 hours. The Cat, value on the first morning the PER intake during rest more accurately than after exposure permits an estimate of the RFI within during the 65 W exercise (fig 7a, b) . an error of 20% in the men (fig 7c, d) . In the women, For some subjects the RFI at rest seems to be however, the RFI estimates showed substantial errors overestimated in the postexposure period up to 15 with the use of Ca,, data beyond the day of exposure.
hours whereas the intake at 65 W seems to be For women the intraindividual variability in the underestimated when using the 30W impulse response kinetics of TRI appeared to be substantial in this (fig 7a, b ; left region). From a kinetic point of view period. these errors may be explained by the blood perfusion
In general, during the whole postexposure period in subcutaneous fat. The blood flow both through the 30 W impulse response is more suited to estimate muscles and subcutaneous fat increases with increas-the TRI intake during a 65 W exposure than during ing exercise. It is well known, however, that by rest. Particularly in the women, the RFI at rest has contrast with the muscle flow, the subcutaneous flow been underestimated and, therefore, the kinetics in may increase not gradually but abruptly. For lipo-women seem to be more affected by exercise during philic solvents such as PER the change of flow in exposure than in men. For both men and women the subcutaneous fat are reflected in the concentration in Ca,v data relative to the intake were low and as a the blood; an increased flow will also remain during consequence the not exhaled fraction and thus the some time after exercise and results in a decreased metabolised fraction of the intake was shown to be blood concentration relative to the intake. The effect high at rest.5 In the women the substantial errors in the of exercise may also be in the impulse responses of RFI estimates at rest cannot be explained only by a PER which, in fact, equal the Ca,, after a bolus input high metabolised fraction. We have no explanation (fig 5b) . For some subjects the subcutaneous flow may based on local blood flows through fatty tissues and increase only above 30 W exercise and, therefore, the the metabolised fraction. 0-15 hours after exposure will be best suited to For highly metabolising solvents the impulse res- Furthermore, the experiments increase insight into individual variability in kinetics and consequently in the toxic burden in critical organs, which again reflects the actual health risk.
The weighting function g(t)-that is, unit impulse response-of the system weights past values of the input to give the present value of C(t).
In table 5 general equations are summarised. Table  6 shows the mathematical expressions of the kinetic response and the unit impulse response with the assumption that C(t) is described by a sum ofexponentials. The use of exponential terms, which may suggest compartments, are not required. Any function of time may be used-for example, time power functions often seem to be able to fit the data adequately. '5 The input q(t) may be an impulse or a step input. Table 5 Response in the output system as a convolution of the unit impulse response g(t) and a rate of input q(t) both at an impulse input and at a step input with duration t, Step (eg respiratory t intake or iv q(t) = Table 6 Unit impulse response deducedfrom deconvolution of the rate ofinput q and the output response C(t). The kinetic response is described as a sum ofexponential terms* 
